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(54) Signal amplifying circuit 

(57) Circuitry for amplifying a single-ended analog 
sensor output includes a field effect transistor (FET) 
having a gate connected to a first end of a capacitor, the 
second opposite end of which is connectable to the sen- 
sor output. The gate of the FET is also connected to a 
first end of a resistor and to a cathode of a diode. The 
anode of the diode, the opposite end of the resistor and 
the drain of the FET are connectable to a ground refer- 
ence, and the source of the FET defines an amplifier 
output that is connectable to a constant current source. 



The capacitor, resistor and diode are operable to bias 
the FET to thereby prevent clipping of the output signal 
at the amplifier output. A high-pass filter is also provided 
at the second end of the capacitor, and a number of di- 
odes are preferably included for providing for amplifier 
input protection, electrostatic discharge protection and 
output DC overvoltage protection. When the amplifying 
circuit of the present invention is implemented integral 
with a single-ended, case grounded sensor configura- 
tion, only one wire per sensor is required. 
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Description 



TECHNICAL FIELD 

[0001] The present invention relates generally to signal amplifying circuitry and more specifically to such circuitry for 
amplifying signals provided by piezoelectric sensors. 

BACKGROUND OF THE INVENTION 

[0002] Electronic amplifiers for amplifying signals generated by analog sensors and/or transducers are known and 
have been extensively used in the automotive industry for decades. One particular class of transducers with which 
such amplifiers are often implemented are known as piezoelectric sensors, examples of which include pressure sen- 
sors, accelerometers and the like. Piezoelectric sensors are 'self-generating" transducers in that they do not require 
externally supplied electrical power to generate output signals under dynamic mechanical loading conditions. 
[0003] When dynamically loaded, piezoelectric sensors produce a high-impedance differential charge signal. In some 
applications the ground-isolated differential output signal is amplified via a two-input signal amplifier, and in other 
applications'one-end of the differential charge signal is grounded (typically to the sensor housing) and a single-ended 
output is amplified via a single-input amplifier. In either case, electronic amplifiers for use with such piezoelectric sensors 
are operable to convert the high-impedance charge signal to a low-impedance voltage usable by signal processing 
circuitry such as a so-called engine control module (ECM), powertrain control module (PCM) or the like. 
[0004] Generally, four basic amplifier configurations are used in the automotive and related industries for amplifying 
piezoelectric sensor signals: a voltage amplifier using an operational amplifier, a charge amplifier using an operational 
amplifier, a current integrator using a number of operational amplifiers, and a unity-gain source follower amplifier using 
a field effect transistor. While each of the foregoing amplifier configurations are generally capable of appropriately 
conditioning the sensor output signals under some operating conditions, known embodiments of these amplifier con- 
figurations have certain drawbacks associated therewith and are accordingly incapable of satisfying demanding un- 
derhood requirements while maintaining desired operational characteristics as well as acceptable manufactunng goals 
(i.e., cost and ease of fabrication). 

[0005] For example one prior art sensor amplifying circuit 1 0 of the voltage amplifier type is illustrated m Figure 1 
Circuit 10 includes a piezoelectric sensor 1 2 having a single-ended input connected loan input VIN of a signal amplifier 
circuit 14 VIN is connected to a non-inverting input of a known operational amplifier 16, to one end of a capacitor C 
and to one end of a resistor R2, the opposite ends of which are connected to a REF output of circuit 14. The REF 
output is typically connected to ground potential in operation. The inverting input of amplifier 16 is connected to one 
end of another resistor R1 and to one end of a feedback resistor RF. The opposite end of R1 is connected to RERand 
the opposite end of RF is connected to an output of amplifier 16 which provides the amplified sensor signal VOUT. 
Amplifier 16 requires connections to REF and to a power supply VCC for operation. While amplifier circuit 14 provides 
for satisfactory signal conditioning operation, operational amplifiers rated for underhood applications (i.e., -40'C to + 
150°C) are generally cost prohibitive. 

[0006] An example of another prior art sensor amplifying circuit 20 of the charge amplifier type is illustrated in Figure 
2 Circuit 20 includes a piezoelectric sensor 1 2 having a sensor output connected to an input VIN of a signal amplifying 
circuit 22 VIN is connected to one end of a resistor R1, the opposite end of which is connected to an inverting input 
of an operational amplifier 24. The inverting input of amplifier 24 is also connected to one end of a feedback resistor 
RF and to one end of a capacitor C, the opposite ends of which are connected to an output of amplifier 24 which 
provides the amplified sensor signal VOUT. The non-inverting input of amplifier 24 is connected to one end of a resistor 
RA and to one end of another resistor RB. The opposite end ol RA is connected to a power supply input VCC and the 
opposite end of RB is connected to a REF input which is typically connected to ground potential. The operational 
amplifier 24 must also be connected to VCC and REF for operation thereof. 

[0007] Charge amplifiers of the type illustrated in Figure 2 are widely used for amplifying signals produced by pie- 
zoelectric sensors and are commonly used in instrumentation applications employing pressure, force and/or acceler- 
ation sensors. The output voltage VOUT of amplifier circuit 22 is negatively proportional to the input charge and is 
determined solely by the feedback capacitor C. With the non-inverting input set at a DC reference voltage VREF, and 
the inverting input comprising a virtual ground node, the operational amplifier 24 drives the output m such a manner 
that the input voltages are equal. RF and C comprise a high-pass filter and determine the low frequency characteristics 
of the amplifier. 

[0008] The amplifier circuit 22 has several practical drawbacks associated therewith. For example : as with amplifier 
circuit 1 4 of Figure 1 , an operational amplifier 24 rated for underhood applications is typically cost prohibitive Moreover, 
circuit 22 has a long power-up delay (up to 10 seconds) due to the large component values often required for RF and 
C The circuit configuration illustrated in Figure 2 can be enhanced to address the foregoing deficiencies but do.ng so 
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undesirably adds further cost to sensor circuit 20. 

[0009] An example of another prior art sensor amplifying circuit 30 of the current integrator type is illustrated in Figure 
3. Circuit 30 includes a piezoelectric sensor 1 2 having a sensor output connected to an input VIN of a signal amplifying 
circuit 32. VIN is connected to an inverting input of a first operational amplifier circuit 34 and to one end of a first 

5 feedback resistor RFt. The opposite end of RF1 is connected to an output V1 of amplifier 34 and to one end of a 
capacitor CI. The opposite end of CI is connected to one end of a resistor R1 , the opposite end of which is connected 
to an inverting input of a second operational amplifier 36, one end of a second feedback resistor RF2 and one end of 
a capacitor C2. The opposite ends of RF2 and C2 are connected to an output of amplifier 36 which provides the 
amplified sensor signal VOUT The non-inverting inputs of amplifiers 34 and 36 are connected to a REF input which 

10 is typically connected to ground potential. As with the amplifier circuits of Figures 1 and 2, amplifiers 34 and 36 include 
connections to an external power supply VCC and to REF 

[0010] Amplifier 34 comprises a current to voltage converter which provides an output proportional to the change in 
sensor output. C1 blocks the DC component of V1 and amplifier 36 comprises a conventional voltage integrator and 
integrates the AC component of V1 to produce a signal proportional to the mechanical force acting on sensor 12. As 
is with the amplifier circuits of Figures 1 and 2, the cost of operational amplifiers 34 and 36, if rated for underhood appli- 
cations, is cost prohibitive. Moreover, the size and cost of capacitor C1 is excessive and accordingly impractical for 
use integral with the sensor 12. 

[0011] An example of another prior art sensor amplifying circuit 40 of the unity -gain source follower FET type is 
illustrated in Figure 4. Circuit 40 includes a piezoelectric sensor 12 having a sensor output connected to an input VIN 

20 of a signal amplifying circuit 42. VIN is connected to a gate of a p-channel enhancement mode metal oxide semicon- 
ductor field effect transistor (MOSFET) Ml, to one end of a resistor R3 and to one end of a capacitor CR. The opposite 
end of R3 is connected to one end of a resistor R1 and to one end of a resistor R2. The opposite end of R1 is connected 
to the source of Ml and the opposite end of R2 is connected to a reference input REF that is typically connected to 
ground potential. The drain of M1 is connected to one end of a drain resistor RD, and the opposite end of RD, as well 

25 as the opposite end of CR, is connected to REF The drain of M1 is also connected to the base of a NPN bipolar 
transistor Q1 having a collector connected to the source of M1 and an emitter connected to REF A current source 44 
receives electrical power from an external source VCC and has an output supplying a source current Is to the source 
of Ml. The common connection of current source l s , source of M1, resistor R1 and collector of Q1 defines the output 
of amplifier circuit 42 which provides the amplified sensor signal VOUT 

30 [0012] The configuration of MOSFET M1 in amplifier circuit 42 is well suited for amplifying high -impedance signals 
from piezoelectric sensors since its input impedance is high, its output impedance very low and the amplifier gain is 
near unity. The drain resistor RD and NPN transistor Q1 are used to bias M1 for improved linearity and dynamic range. 
The feedback path established by resistors R1 , R2 and R3 is used to properly bias the gate of M1 and to properly bias 
the output of the amplifier circuit 42. 

35 [001 3] While some of the characteristics of the amplifier circuit 42 illustrated in Figure 4 are attractive for use integral 
with a piezoelectric sensor (i.e., small size, avoidance of operational amplifiers, etc.), circuit 42 has several drawbacks 
associated therewith. For example, most circuits of this type require a supply voltage (VCC) in the range of 1 8-30 volts 
which is typically not readily available in automotive environments. In addition, biasing of the output VOUT limits the 
dynamic range of the circuit. Moreover, the output signal VOUT is AC coupled, whereas a DC coupled output signal 

40 js preferred for diagnostic purposes. Further, most circuits of this type require excessive current consumption (e.g., 
>20 mA). Further still, the circuit 42 exhibits slow power-up due to the feedback network used for biasing of the gate 
ofM1. 

[001 4] What is therefore needed is a signal amplifying circuit suitable for use with a piezoelectric sensor that is robust 
enough to withstand harsh underhood environments while also satisfying the goals of maximizing amplifier performance 
*s and minimizing size and amplifier cost. Such an amplifier circuit is preferably packaged integral with the sensor itself 
while also overcoming the shortcomings associated with the various prior art amplifier circuits just described. 

SUMMARY OF THE INVENTION 

50 [0015] The foregoing shortcomings of the prior art are addressed by the present invention. In accordance with one 
aspect of the present invention, a signal amplifying circuit comprises a first capacitor having a first end adapted for 
connection to a signal source and a second opposite end, a field effect transistor (FET) having a gate connected to 
the second end of the first capacitor, a drain or a source adapted for connection to a reference potential and the 
remaining source or drain defining a circuit output, a first diode having a cathode connected to the gate and an anode 

55 connected to the drain or source adapted for connection to a reference potential, and a first resistor having a first end 
connected to the cathode and an opposite second end connected to the anode of the first diode, the first capacitor, 
first diode and first resistor biasing the gate of the FET to thereby prevent clipping of an output signal provided by the 
FET at the circuit output. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
" [0020] Figure 1 * a schema* of a prior art voUage amp,ier circuK tor — n 9 a single-ended piezoelectrfc 
* lS XL 2 is a schema* ot a prior art charge ampiitier circuit tor condoning a singie-ended piezoelectnc 

m ^^a schematic ot a prtor art unHy-gain. source toiiower W effect transistor ampler etc* tor 

Sating another embodiment of circuitry tor limiting bad current. 
DESCRIPTION OF THE PREFERRED EMBODIMENT 
l0027] Forthepurposesotpromotinganunders^ 

to the embodiments illustrated in the draw.ngs and specrfic *^£l*Z** intended, such alterations and turther 
theleS s be understood that no limitation ^J^aJ^VC*^ - * e 38 
modifications in the illustrated dev^es. and such ' « u ^er app. ca P rejates 

therein being contended as would nom ^^^^^^^ circuit tor conditioning a single-ended 
[0028] Referring now to Figure 5, ^^^^Z HSm Circuit 50 includes an analog sensor 12 
analog sensor signal, in accordance ^^ZXm^^mr circuit 52. Sensor 12 is a high ,n> 
having a single-ended output connected to a ^gna .WJ 9 , n one embodiment, sensor 12 

pedance analog sensor and js J£E5K ^nder of an internal combustion engine. Those sk,..ed ,n 

is a pressure sensor operable to sense press piezoelectric sensor, 
the art will, however, recognize that sensor ^%f^^ 0 ^ e , n 6 of a capacitor CR. one end of a resistor 
[0029] The signal input VIN ol amplifier crcurt 52 ™ e coi**** t0 a referen ce terminal REF of 

RRaridtooneendofacapacitor^^ 

cathode of D2 is connected to a signal output VOUT of c '™« ^ ^ , Q tne REF 

[0030] in one embodiment, liefd effect ««»«^"V ^e ^entdiment transistor M1 is a metal oxide 
tormina, and source connected to p^anne. enhancement mode MOSFET. An examp e 

semiconductor field effect trans.stor (MOSFET) ««*gurea P MOSFET part number LP08 

of such a transistor particularly well suted for use wrth the P™""^ 1 , MOS process that provides ex- 
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23 package. 

[0031] In some applications of the present invention, transistor M1 may alternatively be a n-channel field effect tran- 
sistor, such as a n-channe! MOSFET. whereby the source of M1 is connected to the REF terminal and the drain of M1 
is connected to VOUT. In either case, the signal dynamic range of amplifying circuit 50 is equal to a reference voltage 
5 (typically 5 or 10 volts) minus V gc th and the connection system voltage drop. The dynamic range may accordingly be 
maximized by selecting a MOSFET having a very low th which may be further reduced by operating the selected 
MOSFET at a low drain current (l d ). 

[0032] In any case, amplifier circuit 52 further includes a diode D3 having an anode connected to the REF terminal 
and cathode connected to the signal output VOUT Although sensor 12 and amplifier circuit 52 are typically manufac- 

io tured as separate components, such components are preferably integrated into a single sensor housing represented 
by dashed-lined box 56 in Figure 5. In this case, amplifier circuit 52 is preferably fabricated on a flexible substrate and 
integrated into the sensor housing in accordance with known techniques. Amplifying circuit 50 further includes a con- 
stant current source 56, preferably provided off board of circuit 52, such as part of a sensor interface circuit 54, to 
provide drain current to transistor M1 . 

is [0033] The operation of amplifier circuit 52. as it relates to the various components thereof, will now be described in 
detail. An important feature of the input stage ot amplifier circuit 52 is a charge attenuator formed by the internal source 
capacitance (C s )of sensor 12 and capacitor CRof circuit 52. Charge generated by sensor 12 is divided across these 
two capacitances with approximately 93 % [i.e.. CR/(CR+C S )J of the charge flowing to the capacitor CR. This type of 
piezoceramic loading is predominately a "charge mode" and is preferred over Voltage mode" applications. The voltage 

20 generated across the capacitor CR is delined by the equation V=o/(C s + CR), where q is the charge generated by the 
piezoceramic element of sensor 12. Since the MOSFET M1 is configured as a unity-gain source follower, CR is the 
sole determinant of amplifier gain. In one embodiment, CR is specified with a 2% tolerance to thereby provide a very 
stable and repeatable overall channel gain over the full range of operating temperature. 

[0034] The combination of CR and RR form a high-pass filter that is used to stabilize the piezoelectric transducer 

2B signal in the presence of thermal- induced signals (drift). The high-pass filter cutoff frequency is positioned high enough 
to reject unwanted thermal error signals but low enough to pass the needed frequency content in the sensor signal 
waveform. In a particular embodiment of amplifying circuitry 50, wherein sensor 12 is a pressure sensor operable to 
sense cylinder pressure of an internal combustion engine, the frequency content of the cylinder pressure waveform is 
a multiple of the firing frequency. The lowest firing frequency for engine idle conditions is approximately 5 Hz. In order 

30 satisfy system requirements, the frequency must be passed through a second-order high-pass filter with less then 
about 1 .0 degree phase shift. Capacitor CR and resistor RR comprise the first pole of a passive high-pass filter with 
a cutoff frequency of about 0.1 Hz. Capacitor C1 and resistor R1 comprise the second pole of this filter with a cutoff 
frequency of approximately 01 Hz. The MOSFET gate impedance is typically high enough to prevent loading of this 
passive filter, and it has been determined that a cutoff frequency of 0.1 Hz. is sufficient to reject most of the thermal 

35 signal content for a variety of vehicle operating conditions. 

[0035] Amplifier input biasing is required to avoid signal clipping for signal-ended piezoceramic configurations oper- 
ated from unipolar power supplies. Heretofore, feedback networks have been used to provide such input biasing as 
described hereinabove in the background section. With an amplifier circuit 52 illustrated in Figure 5, input biasing is 
accomplished via diode clamp D1 referenced to ground potential. The gate voltage of MOSFET M1 will automatically 

to bias above zero volts using the self-generating feature of the piezoelectric sensor 12. For any cycle that the gate of 
MOSFET M1 goes negative, charge from the piezoelectric sensor 12 will forward bias diode D1, charge capacitor C1 
and accordingly bias the gate of MOSFET M1 above ground potential. The DC bias is carried across capacitor C1 
which acts as a blocking capacitor and allows the sensor 1 2 to remain at zero bias. The gate voltage of M1 is permitted 
to bleed down through resistor R1 according to a time constant established by R1 and CI. Upon power-up, approxi- 

45 mately one combustion cycle is needed for input biasing to occur. For subsequent cycles, only the lowest portion of 
the signal waveform is used to maintain bias, and this portion of the waveform is typically not used for engine control 
purposes. 

[0036] The input biasing structure of amplifier circuit 52 has several advantages over prior art techniques. For ex- 
ample, only one additional passive component, diode D1, is needed to accomplish input biasing as compared to the 

50 complicated feedback networks used in prior arrangements. Additionally, sensor 1 2 always operates at exactly zero 
bias, avoiding possible silver migration and other electric field problems associated with piezoelectric transducers. 
Moreover, the self-generating feature of piezoelectric sensors provides greater current for biasing than "conventional 
feedback networks" and consequently provides very fast biasing and stabilization upon power-up. 
[0037] During sensor installation into a cylinder head, high mechanical pre-loads may be applied to the sensor struc- 

55 ture 56 which may result in the generation of high output signals from sensor 12. Up to 1,100 nC of charge and 90 
volts may typically be applied across CR, RR, C1, R1 and the gate of MOSFET M1. Similarly, during sensor removal 
a negative charge and negative voltage may be created across these elements. Amplifier circuit 52 must accordingly 
limit these voltages and shunt excess charge to ground without component damage. To provide such protection, diodes 
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D, D2 and D3 provide a 'diode protection *op" rf*h limits ^^^^^ ^cTthe circuit 

[0038] The.ikefihcodofe.ect^^ 

™mb.edandir^ 

^^utDCove^geprotectic,^ 

n^eince DC supply (i.e.. battery voltage) «s a modified amplifier circuit 

circuit 52 may be opttonalfy provided ^^^^SSS^SS includejS effect transistor J1 deposed 
52MrK.udingovervo.^ 

between transistor M1 and s.gnal output VOUT. Spee*d* a i anod e of D4 and to the 
to the skgna. output VOUT. The gate of J ^"f g ^^ Mernativety. as shown in Figure 6B. another 
common connection of the cathodes of D2 and D3 and _ source <* e «ect transistor J1 disposed between 

modification to ampler circuft 52 resulfng > ^"g"*"^ ^^s D2 and D3. Specificalty, amplffier 
signal output VOUT and transistor M1 and '.ns.de the pretodnn Joopd d« «• cathodes of 

ci ?cu* 52- incudes a fie* effect transistor J1 hav,ng a dra n conn* ed ^^Sir Ml . In e*her Rgure 6A or 
D2 and D3. The gate of J1 is connected to the • ou ^ J ^^^ erttran8te , or( j FE T). .t is to be understood, 
Figure6B.fie.deffecttran^ 

however, that J1 may attemativefy ^ t ^^^^^^ M 10m A for external voltages up to 15 volts. 
, n one embodiment, transistor J1 ^^^^S^^^^^ °< am P ,ifier cirCUrt 52 * 
r0040] Table 1 below summaries component informatjon or Zttmatized in Table 1 represents only one 

SSI). It is to be understand, however, that the -^^^^^^^ component values for 
preferred embodiment, and that ^^^^^^1^ the choice of component characteristics, 

52, and that such components should be chosen accordingly. 
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I Component Values 




• 12.3 nF 
Tol. =2% 
50V; 400V Ratine 


125 Mfi 
Tol. = +/- 35% 
TCR +/- 150 ppm/C max 
150V; 400V Rating 


1.80 nF 
Tol. =5% 
50V; 400V Rating 


820 Mn 
Tol. = +/- 35% 
TCR +/- 150 pp/C max 
150V; 400V Ratine 
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Manufacturer Part 


Number 


Vitramon 
VJ1210A123GXXAR 


IMS 

RC3-0805-1 20635 


Vitramon 
VJ0805A1800GXXAR 


IMS RC3-0805-820635 


Siliconix SSTPAD5 


Supertcx LP08 


Motorola MMSZ5245B- 
T3 


Siliconix SST5485 


Sheldahl, Inc. RX-408- 
881 


SMT Device 




NPO/COG Chip 
Capacitor 


Chip Resistor 


NPO/COG Chip 
Capacitor 


Chip Resistor 


Low-Leakage Diode 


P-Channel 
Enhance me n t- M ode 
MOSFET 


Zener Diode 


N-Channel JFET 


Novaclad Flex 
Circuit 


EIA 
Packaee 


EIA 1210 


EIA 0805 


EIA 0805 


EIA 0805 
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SOT-23 


SOD-123 


SOT-23 
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Label 
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RR 
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Dl, D2 
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Substrate 



[0041] While the invention has been illustrated and described in detail in the foregoing drawings and description, the 
same is to be considered as illustrative and not restrictive in character it being understood that only the preferred 
embodiments have been shown and described and that all changes and modifications that come within the spirit of 
the invention are desired to be protected. 
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1 . A signal amplifying circuit comprising: 
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a M capacao, hrt, a « - adapted .„ « ^c^'.Ta^in 

iSl — — » - - - — "^"^ >° - <* a drain a 

source adapted for connection to a reference potential; and kneeled to said 

prevent clipping of an output signal provided by said FET at sa.d crcurt output. 

capacitor forming a charge attenuator and determining a ga.n of sari amplrf.er crcurt. 

resistor and said second capacitor forming a high pass fitter. 

4. The signal amplifier of claim 3 further including: 

a second diode having an anode connected to said gate of sad FET and a cathode connected to sad circuK 

protection. 

5 . The signal amplifier of ctaim 1 wherein said FET is a metal oxrie semiconductor field effect transistor (MOSFET). 

6. The signal amplifier of claim 5 wherein said MOSFET is a p«hannel enhancement mode MOSFET. 

7. The signal amplifier of claim 1 wherein said reference potential is ground potential. 
8 A signal amplifying system comprising. 

■E5==iEESs£S-£s= 

LansforbiasingsaidfirstFETtotherebyp^ P 

9. The signal amplifying system of ctaim 8 wherein said sensor is a high impedance sensor operable to produce a 
single-ended output signal at said sensor output. 

10. The signal amplifying system of claim 9 wherein said sensor is a piezoelectric sensor. 

11. The signal amplifying system of claim 10 wherein said sensor is a pressure sensor operable to sense pressure in 
a cylinder of an internal combustion engine. 

12. The signal amplify^ system of claim 8 wherein sari current source forms part of a circurt separate from sari 
sensor and said amplifier circuit. 

13 The signal amp««ying system of claim 8 further inc.uding means for >im«ing load current through said first FET. 

anTso^SS 

source each connected to said opposite one of said drain and a source of sari first FET 
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15. The signal amplifying system of claim 14 further including: 

a first diode having an anode connected to said gate of said first FET and a cathode connected to said source 
and gate of said second FET; 

a second diode having an anode connected to said reference potential and a cathode connected to said source 
and gate of said second FET; and 

a third diode having an anode connected to said source and gate of said second FET and a cathode connected 
to said amplifier output. 

16. The signal amplifying system of claim 14 further including: 

a first diode having an anode connected to said gate of said first FET and a cathode connected to said amplifier 
output; and 

a second diode having an anode connected to said reference potential and a cathode connected to said am- 
plifier output. 

17. The signal amplifying system of claim 16 wherein said reference potential is ground potential. 

18. The signal amplifying system of claim 14 wherein said second FET is a junction field effect transistor (JFET). 

19. The signal amplifying system of claim 14 further including: 

a capacitor having a first end connected to said sensor output and a second opposite end connected to said 
reference potential; and 

a resistor having a first end connected to said first end of said capacitor and a second opposite end connected 
to said reference potential, said resistor and said capacitor forming a high pass filter. 

20. The signal amplifying system of claim 19 wherein said first FET is a metal oxide semiconductor p-channel en- 
hancement mode field effect transistor. 
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